n the mature circulatory system, -adrenergic stimulation predominantly affects vessel diameter whereas 1-adrenergic stimulation determines the adaptation of heart rate and contractility to changing demands. In the immature stages of heart development, postnatal maturation coincides with in-growth of sympathetic neurons, elevated levels of released catecholamines and enhanced expression of -adrenoreceptors. 1 Shortly after birth, hyperplasia of the cardiomyocytes ceases and is followed by hypertrophic growth and maturation. 2 During maturation, cardiac rhythm becomes slower, while conduction velocity (CV) of the electrical impulse, which is initially slow, 3 increases. Several factors contribute to cell-to-cell propagation of the cardiac electrical impulse, which is enabled by specialized membrane structures named gap junctions. Gap junctions are agglomerates of intercellular channels composed of hexagonally arranged connexin (Cx) proteins. The
duction characteristics through differences in cytoplasmic resistance. During cardiomyopathy, heterogeneous discontinuities, such as with fibrosis, can affect impulse propagation by pathway lengthening or through load-mismatch. 10 Both during physiological maturation of the neonatal heart and during pathophysiology of the mature heart, elevated levels of circulating catecholamines coincide with changes in CV of the electrical impulse. In order to address whether adrenergic stimulation directly targets the molecular machinery underlying impulse propagation, we used an Local activation is determined by maximal negative dV/dt. (E) Bar plot showing the conduction velocity in cm/s. Conduction velocity (CV) was measured at t =0 h and at t =24 h for both control preparations with untreated cells and for preparations that were stimulated with ISO after the measurement at t =0 h.
in vitro model of cultured neonatal rat ventricular cardiomyocytes (NRC) and subjected them to -adrenergic stimulation. Here, we present the observed effects on conduction characteristics as induced by modulation of ion-and gap junction channel functionality.
Methods
Isolation and Culture of NRC NRC were isolated from hearts of 1-2-day-old Wistar rats as described before. 11 For cell culture preparations, cells were seeded on collagen-coated substrates (25 g/ml, Boehringer) at a density of 10 5 cells/cm 2 . Culture medium (Ham's F10 with L-glutamine, 100 IU penicillin/streptomycin, 10% fetal bovine serum, Life Technologies) was replaced daily.
Determination of CV in Vitro
To measure CV in vitro, patterned growth of NRCs was performed on custom-made glass dishes (5×5 cm) according to methods developed by Rohr et al. 12 The bottom of these dishes was coated with a layer of indium -tin-oxide (translucent and electrically conductive), platinum electrodes were integrated into the dish and on top the cells were grown in channels with a width of 100 m and a length of 2 mm (Fig 1) . This pattern was created by coating the dishes with collagen, which was followed by a KTI Negative Resist KTFR coating (Cassio Chemicals, Wormerveer, the Netherlands) preventing cell attachment. Next, the KTFR coating was partially removed by UV radiation and Xylol, using a photolithographic mask. From this, a pattern with 8 channels was produced, exposing the collagen coating where myocytes could attach.
For the electrophysiological experiments, the dish was mounted on a custom-built stage on an inverted microscope (Leica) and connected to a custom-built 64-channel amplifier. The electrically conductive coating on the bottom of the dishes enabled heating by applying current through the coating, which was regulated by a thermostat (34°C). Measurements were performed in normal culture medium and gas exchange was prevented by silicone-oil (2 ml) layered on top of the culture medium. The preparation was paced (1 ms stimuli) at the extremity of 1 of the channels (2× threshold, cycle length of 400 ms) using an extracellular bipolar electrode (tip-diameter 50 m). Extracellular electrograms were recorded from 24 electrodes (3 electrodes/ channel, interelectrode distance 400 m) in unipolar mode at 2 kHz. Local activation times were defined as the point of maximal negative dV/dt and determined by custommade software based on MatLab (the Mathworks, Inc). CV between electrodes was calculated by dividing the interelectrode distance by the difference in activation time.
Adrenergic Stimulation of the Cells
Beta-adrenergic stimulation of the cells (24 h) was performed by supplementation of 100 nmol/L isoproterenol (ISO, Sigma, St Louis, MO, USA) to the culture medium. Control cells remained unstimulated. Some experiments had extra controls in which cells were stimulated with ISO in the presence of 1 mol/L atenolol ( 1-antagonist, Sigma), which was added 1 h prior to stimulation with ISO. To further address the specificity of -adrenergic stimulation, -adrenergic stimulation was performed using 10 mol/L phenylephrine (PE, Sigma). CV was measured twice for each preparation. After a control experiment at t=0, the floating silicone oil was removed and the preparation was thoroughly rinsed with Hanks Balanced Salt Solution (HBSS), before new culture medium supplemented with stimuli (or without in the case of controls) was applied. Because the conduction assay is noninvasive, this allowed us to measure the same preparation under control conditions (t=0), and upon 24 h exposure time (t=24). For protein and RNA isolation from cultured monolayers, exposure-time was terminated by washing the cells with phosphate buffered saline (PBS) and the addition of lysis buffer.
Recording of APs
APs were recorded using a custom-made amplifier and sharp micro-electrodes filled with 3 mol/L KCl. Data were recorded at 4 kHz using a data acquisition program (Scope, kindly provided by Dr J.G. Zegers, Academic Medical Center, Amsterdam, the Netherlands) running on an Apple PowerMac G4. Channels were paced at a cycle length of 300 ms. In the paced channel, cardiomyocytes were impaled with the micro-electrode and APs were recorded. All measurements were done after a washout of adrenergic stimuli. Recordings were analyzed using MacDaq 8.0 (kindly provided by Dr A.C.G. van Ginneken, AMC, Amsterdam, the Netherlands). Maximal upstroke velocity was determined by differentiation of voltage traces. Membrane capacitance of single cells was measured in wholecell voltage clamp mode, using a HEKA EPC7 amplifier (HEKA, Lambrecht, Germany). Capacitance was derived by fitting the current elicited by a square test pulse (amplitude 5 mV) with a mono-exponential curve.
Immunohistochemistry of Cultured Cells
Glass coverslips with cultured cells were rinsed in serumfree medium, fixed in methanol (-20°C), washed with PBS and stored until use. Immunolabeling was performed as described before. 13 The following antibodies were used: rabbit polyclonal antibodies raised against Cx45 (kindly provided by Dr T.H. Steinberg, Washington University, St Louis, MO, USA), 14 Cx40 (Alpha Diagnostics), N-cadherin (Sigma) and mouse monoclonal antibodies raised against Cx43 (Transduction Laboratories), desmin (Sanbio), -actinin (Sigma), troponin-T (Sigma) and -myosin heavy chain (MHC) (kindly provided by Dr A.F.M. Moorman, AMC, Amsterdam, the Netherlands). Secondary antibodies for immunohistochemistry (Texas Red and fluorescein isothiocyate conjugated whole IgG) were purchased from Jackson Laboratories. Horse-radish peroxidase (HRP) conjugated secondary antibodies for Western blotting were purchased from Biorad.
Protein Isolation, Sodium Dodecyl Sulfate (SDS)-PAGE and Western Blotting
Total cellular protein was isolated from confluent beating cultures by collecting them in lysis buffer (400 l/10 cm dish; 50 mmol/L Tris-HCl pH 7.4, 150 mmol/L NaCl, 0.5% Nonidet-P40, 0.5% sodium deoxycholate, 0.1% SDS, 2 mmol/L phenyl-methylsulfonyl fluoride, protease-inhibitor-cocktail: 1 mmol/L iodoacetamide, 1 mmol/L phenantroline, 1 mmol/L benzamidine, 0.5 mmol/L pefabloc, 5 mmol/L sodium bisulfate, 20 g/ml pepstatin A). After centrifugation, total cellular protein in the supernatant was determined using the BCA protein assay. Equal amounts (50 g/lane) of each sample were separated on 10% SDS polyacrylamide gels, and electrophoretically transferred to nitrocellulose membrane (0.45 m, Biorad). Protein transfer was assessed
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by Ponceau S staining. Prior to primary antibody incubation, blots were blocked with 5% dried milk powder. After incubation with HRP-conjugated secondary antibodies, signals were visualized using Enhanced Chemo Luminescence reagent (ECL, Amersham) and exposure to XB-1 film (Kodak).
RNA Isolation and Semiquantitative Reverse Transcriptase (RT)-Polymerase Chain Reactions (PCR)
Total RNA was isolated using Trizol (Gibco) according to the manufacturers protocol and 0.5 g RNA was reverse transcribed using M-MLV-RT (Gibco). PCR reactions were performed in 50 l reaction mixtures (cDNA equivalent of 50 ng total RNA). DNA was denatured for 5 min at 94°C, followed by a repetitive program used for x-cycli: 45 s denaturation at 94°C, 30 s annealing of primers at appropriate temperature and 1 min DNA extension at 72°C. The number of cycles was optimized and resulted in nonsaturated PCR reactions. Reactions were terminated with 5 min extra DNA extension at 72°C and cooling down to 20°C. Obtained PCR products were run on 1.5% agarose gels and stained with ethidium bromide. Table 1 shows the number of cycles and characteristics of the primers used.
Statistical Analysis
All values are given as mean ± SEM. Multiple group comparison was performed using ANOVA, followed by a Fishers post-hoc test using StatView 4.5 for Macintosh. Pvalues <0.05 were regarded as statistically significant. For 2-group comparisons, Student's t-test was used. Expression levels of protein and mRNA were analysed using ImageQuant TL software.
Results

Cell Culture of Isolated Cardiomyocytes
A seeding density of 100,000 NRC/cm 2 resulted within 24 h in confluent and synchronically beating monolayers of myocytes. Purity of the cultures was assessed by immunolabeling against -actinin, a marker strongly expressed in cardiomyocytes but not in nonmyocytes. Co-staining with the nuclear dye Hoechst 33258 allowed for evaluation of the content of noncardiac cells in the cultures, which appeared to be lower than 10% (data not shown).
Treatment of the cultures for 24 h with ISO did not induce changes in cell size or shape (Fig 1A) , but increased the beating rate within minutes. Pre-incubation with the 1- Fig 1B shows the patterned growth of the cells on top of the preparation with the electrodes integrated into the glass. In Fig 1C, the electrodes are shown in a schematic representation. Extracellular electrograms recorded in 3 subsequent electrodes of a channel are shown in Fig 1D. The first large deflection represents the stimulus artefact, which is followed by electrical activity of the preparation. Fig 1E shows the CV as determined from preparations of myocytes grown in the channels. Under control conditions (n=7), CV at t=0 h (30.9±1.9 cm/s) and t=24 h (32.4±4.4 cm/s) were statistically similar (p=0.70). Stimulation for 24 h with ISO significantly increased the CV from 28.0±2.0 cm/s at t=0 to 34.8±2.2 cm/s at t=24 h (p=0.002, n=5). In addition, APs were recorded from myocytes within the paced channels. Fig 2B shows that at t=24 h, maximal upstroke velocity in untreated control preparations was 33.9±3.6 V/s (n=12) whereas stimulation with ISO significantly increased maximal upstroke velocity to 52.6±7.7 V/s (n=11, p=0.04). In addition (Fig 2C) , ISO shortened the AP duration (APD) as measured by the APD90 but affected neither the maximal diastolic potential (MPD) of the cells nor the AP amplitude.
Effect of ISO on Impulse Propagation and AP Upstroke Velocity
Immunohistochemistry
Labeling of the cultures (n=6) with antibodies against desmin (Fig 3A) , -actinin (Fig 3B) , -MHC (Fig 3C) , and troponin-T (Fig 3D) revealed a pattern of cross-striations characteristic of immature cardiomyocytes. Cultures were also positive for N-cadherin, a component of the adherence junction, which labeled the complete sarcolemma (Fig 3E) . Cx43 staining was found in a similar, extensive pattern (Fig 3F) . At a much lower level, Cx40 appeared to be present in the sarcolemma and only in a minority of cells heter- ogeneously distributed throughout the culture (Fig 3G) . Using a high magnification, Cx45 was detected sparsely between some cells (Fig 3H) .
Treatment of the cells with ISO for 24 h altered neither the described expression patterns of the Cx isoforms nor their subcellular distribution (data not shown).
Western Blot Analysis of Cx43 and Contractile Markers
Western blot analysis was performed in order to reveal the effects of 24-h -adrenergic stimulation with respect to possible changes in the expression level of contractile proteins and gap junction proteins. Compatible with the results of immunohistochemistry, no immunoblot signals were detected for Cx40 and Cx45 which is most likely because of their very low abundance. Immunoblots of Cx43 (typical example shown in Fig 4A) , exhibited the characteristic 3-band pattern of ~41 kD, ~43 kD and ~45 kD, representing 1 nonphosphorylated (NP) and 2 phosphorylated forms (P1 and P2), respectively. 15 After stimulation with ISO, no significant changes were found in the total density of the 3 bands (92.4±14.0% as compared with control, n=5). However, the P2 band of Cx43 (Fig 4A, arrow) consistently showed a higher density (123.8±8.1%, n=4) as compared with the P2 band of control cells. In addition, no differences in expression level were found for the muscle markers desmin and -actinin, or for the adherence junction component N-cadherin (Fig 4B) . 
RT-PCR Analysis of Cx40, Cx43, Cx45, SCN5a and 1c mRNA
Semiquantitative RT-PCR analysis was performed to evaluate the effect of ISO on the mRNA level (n=4). The expression level of all 3 connexin isoforms was statistically similar under control conditions and after stimulation with ISO (Fig 5) . However, RT-PCR performed with specific primers for 1c ( -subunit L-type Ca channel, ICa-L) and SCN5A ( -subunit Na channel, INa) revealed that in comparison with normalized controls, expression of 1c (2.68± 0.25 fold) and to a lesser extent also that of SCN5A (1.34± 0.1-fold) was significantly increased after stimulation with ISO (Fig 5) . Signals for GAPDH indicated that equal amounts of input cDNA were analyzed. Specificity of the reactions was indicated by the negative controls in which reverse transcriptase was omitted (-RT).
Alpha-Adrenergic Stimulation Does not Change CV
In order to evaluate whether the previously described effects appeared specific for -adrenergic signaling, analog experiments were performed with myocytes cultured for 24 h in the presence of 10 mol/L PE, an -adrenergic specific agonist. In contrast to ISO, PE appeared ineffective in changing CV, because the CV at t=0 (29.3±5.8 cm/s, n=4) and at t=24 (26.3±1.8 cm/s) were statistically similar (n=4, p=0.57). Furthermore, upon stimulation, no alterations were detected in the level of desmin and Cx43 proteins (104±8.8% compared with normalized control) nor in the phosphorylation status of the P2 band (99.4±1.9% compared with normalized control), although the expression of both N-cadherin and -actinin appeared upregulated (Fig 6A) . With regard to the level of mRNA, expression of all 3 connexin isoforms, and of SCN5A and 1c were statistically similar between control cells and PE-treated cells (Fig 6B) . Taken together, these data support the absence of alterations in CV after stimulation with PE.
Discussion
The important findings of this study are that (1) stimulation of cultured NRCs for 24 h with ISO increased CV by approximately 25%, but stimulation with PE did not alter CV; (2) the upstroke velocity of the AP increased after stimulation with ISO; (3) ISO induced no marked alterations in the expression and distribution of Cx43, although the phosphorylation of Cx43 was slightly increased; (4) semiquantitative RT-PCR showed an increase in the expression of both 1c and SCN5A after exposure to ISO, which fits well with the increased upstroke velocity of the AP; and (5) the observed effects appeared specific foradrenergic stimulation, because -adrenergic stimulation with PE gave results similar to those obtained under control conditions.
Cell Model
Conduction of electrical activity over the cardiac compartments is roughly determined by 3 parameters: (1) intercellular communication through gap junction channels, (2) AP characteristics, and (3) tissue (and cellular) geometry including factors such as cytoplasmic resistance and presence of fibrosis. The dependence of impulse propagation on several interrelated factors often complicates an appropriate interpretation of which parameter is causative during alterations in conductance. Therefore, an in vitro model of reduced complexity is a common chosen approach.
Cultures of isolated NRCs are routinely used to study different aspects of cardiac cell biology. The high reproducibility of isolation procedures and culture principles, and the large yield of myocytes that can be obtained, underlie this fact. However, if pathophysiological processes are studied, an experimental limitation of the model used might be the rather immature status of the myocytes as compared with adult cardiomyocytes. In the present study, however, we evaluated the effect of adrenergic stimulation on electrical impulse propagation; an aspect that has a reasonable relevance for both the adult and immature myocardium. The rationale is that under pathological conditions in the adult heart, high levels of circulating catecholamines trigger receptor desensitization, alterations in -adrenergic signaling and cardiac malfunctioning, eventually leading to cardiac failure. [16] [17] [18] On the other hand, in the neonatal heart, catecholamines contribute to physiological growth and maturation. 19 In addition, the distribution of gap junction channels under neonatal conditions resembles the expression pattern of gap junctions in the myopathic adult heart, where gap junctions have partially redistributed lateral to the cell sides. In our in vitro model we observed that exposure of cultured NRCs for 24 h to ISO, but not PE, increased CV by 25%. To explain this increase, we subsequently investigated the contribution of possible alterations in cell size, gap junctional coupling and AP generation.
Cell Size
After a rather short stimulation with ISO, hypertrophic growth of the cultured myocytes was excluded because no differences in either the cell shape or the expression level of contractile proteins were observed. In line with this, membrane capacitance, as a measure of cell size, revealed no significant difference between control cells and ISOtreated cells. Based on these observations, no modulatory role for differences in cytoplasmic resistance was expected to participate in the observed effect on CV.
Gap Junctions
In the cell cultures, expression of Cx40 was low and heterogeneous because some cells initially did express Cx40 and others did not, which might be related to the fact that in the immature ventricle, a gradient exists from cells with relatively high Cx40 expression at the endocardial site to very low or absent Cx40 expression in the subepicardial layers. 20 After 2 days of culture, Cx40 expression was further reduced to negligible levels. Together with the hardly detectable expression level of Cx45 (similar to in vivo) this facilitated the conditions in which cultured cells were almost exclusively coupled by Cx43 gap junctions. With regard to the proteins, exposure of the cells for 24 h to ISO did not markedly alter the expression level or the distribution of Cx43, nor re-induced the expression of Cx40 and Cx45. Therefore, the observed change in CV presumably can not be explained by changes in the amount of inserted gap junction channels, mislocation of channels (intracellularly) or by an altered contribution of Cx40 or Cx45 channels, which have different conductive characteristics. 9 RT-PCR analysis of all 3 connexin isoforms confirmed the lack of alterations in expression. Our results are in line with a study reporting disorganization of Cx43 without change in expression level in patients with chronic atrial fibrillation, 21 but are in contrast with an earlier and similar in vitro study reporting increased Cx43 expression after adrenergic stimulation. 22 This discrepancy can possibly be explained by important differences in the experimental approach regarding the procedure used for protein isolation, thereby yielding different pools of protein. According to a method devised by Musil et al 15 we have isolated the total pool of cellular Cx43 whereas in the study by Salameh et al, 22 in which a different isolation procedure was used, only a subfraction of cellular Cx43 was isolated and presumably was not plaque-associated.
On the other hand, ISO slightly, but consistently, increased Cx43 (P2) phosphorylation. Most (but not all) reports on Cx43 describe an increase in electrical coupling between cells upon phosphorylation by protein kinase A (summarized by van Veen et al 9 ) . Whether this increased intercellular coupling contributes to the observed increase in CV cannot be excluded and, in addition, might be affected by possible alterations in open time of the phosphorylated Cx43 gap junction channels. On the other hand, alterations in intercellular coupling have to be very robust to affect CV. In both the intact mouse heart, 23 and in strands of cultured NRCs, 24 CV was unaffected, even when the expression of Cx43 gap junction channels was reduced by 50% and 43%, respectively.
Ion Channels
Besides potential changes in gap junctional conductance, we investigated whether changes in AP characteristics could explain the observed alterations in CV. In immature cardiomyocytes, the rate of rise of the AP is primarily determined by the density of the calcium current (ICa) and to a lesser extent, the sodium current (INa). The rather small contribution of INa, as compared with the upstroke characteristics in adult cardiomyocytes, can be explained by the (unstable) MPD of neonatal cardiomyocytes, which is less negative (≈-60 mV) than the stable resting membrane potential in adult cells (≈-90 mV). This less negative diastolic potential in neonatal cardiomyocytes limits INa availability and favours ICa to facilitate the upstroke of the AP. Because ISO did not alter the MPD, as compared with control cells, this factor is not expected to influence the availability of INa and ICa. RT-PCR analysis revealed that ISO treatment significantly increased the expression level of 1c and to a lesser extent that of SCN5A, which might potentiate a higher density of both INa and ICa. As has been reported, ISO treatment of neonatal cardiomyocytes increased expression of 1c which resulted in a functional increase in the density of ICa. 25, 26 We suggest that in our study, the increased expression of INa and ICa contributes to the measured increase in the upstroke velocity of the AP.
In summary, in this study we have shown that stimulation with catecholamines differentially affects the CV of the electrical impulse. Whereas -adrenergic stimuli appeared rather ineffective, -adrenergic stimuli increased the CV. This effect seems primarily to depend not on alterations in cell-to-cell coupling, but is more likely explained by an elevated upstroke velocity of the AP as mediated by an increased density of INa and ICa.
